The present study aimed to investigate the differentiation of chicken (Gallus gallus domesticus) primordial germ cells (PGCs) in duck (Anas domesticus) gonads. Chimeric ducks were produced by transferring chicken PGCs into duck embryos. Transfer of 200 and 400 PGCs resulted in the detection of a total number of 63.0 6 54.3 and 116.8 6 47.1 chicken PGCs in the gonads of 7-day-old duck embryos, respectively. The chimeric rate of ducks prior to hatching was 52.9% and 90.9%, respectively. Chicken germ cells were assessed in the gonad of chimeric ducks with chicken-specific DNA probes. Chicken spermatogonia were detected in the seminiferous tubules of duck testis. Chicken oogonia, primitive and primary follicles, and chicken-derived oocytes were also found in the ovaries of chimeric ducks, indicating that chicken PGCs are able to migrate, proliferate, and differentiate in duck ovaries and participate in the progression of duck ovarian folliculogenesis. Chicken DNA was detected using PCR from the semen of chimeric ducks. A total number of 1057 chicken eggs were laid by Barred Rock hens after they were inseminated with chimeric duck semen, of which four chicken offspring hatched and one chicken embryo did not hatch. Female chimeric ducks were inseminated with chicken semen; however, no fertile eggs were obtained. In conclusion, these results demonstrated that chicken PGCs could interact with duck germinal epithelium and complete spermatogenesis and eventually give rise to functional sperm. The PGC-mediated germline chimera technology may provide a novel system for conserving endangered avian species.
INTRODUCTION
Manipulation of germ cells provides a promising tool for basic and applied research on gametogenesis and conservation of endangered species. Intraspecies and interspecies transfer of these cells has been attempted in a wide range of mammals, birds, and even fish [1] [2] [3] . Xenogenic gametogenesis and generation of donor-derived offspring through intraspecies transplantation of primordial germ cells (PGCs) and spermatogonial stem cells have also been reported [4] [5] [6] , which confirms the feasibility of transferring germ cells to repopulate and reestablish the germline stem cell niche in the host gonad. Although pheasant and Houbara bustard have recently been produced from sperm generated in the host chicken testis [7, 8] , complete spermatogenesis has rarely occurred when transferring germ cells across different species. The pattern and extent to which donor germ cells colonize, proliferate, and differentiate in the recipient gonad varies between different species.
Avian PGCs originate from the epiblast and settle in the primitive gonad following migration through the circulatory system [9] . This unique route makes avian PGCs a superior candidate for germ cell manipulation. Avian PGCs have been transferred between species of the same family or genus, and subsequent colonization has been found in recipient gonads at an early stage [10] . Considerable phylogenetic differences exist between the duck (Anas domesticus), which, as a waterfowl, belongs to the order Anseriformes, and the chicken (Gallus gallus domesticus), which belongs to the order Galliformes. In the present study, transferring chicken circulating PGCs into duck embryos produced germline chimeric ducks. Investigations were made to determine whether chicken PGCs would migrate, proliferate, and differentiate into functional sperm or ova in the duck gonads. It was considered that, should this be possible, it could provide a novel system to study avian gametogenesis and facilitate the conservation of wild endangered birds through phylogenetically distant domestic poultry.
MATERIALS AND METHODS

Animals
Fertilized White Leghorn chicken eggs (WL, dominant homozygotes [II] for the pair of genes determining white plumage) were collected from the animal house at the Central Veterinary Research Laboratory (CVRL), Dubai. Fertilized duck eggs were provided by Al Aweer duck farm, Dubai. Chimeric ducks were raised with free access to feed and water. Barred Rock hens (BR, recessive homozygotes [ii] for the pair of genes determining white plumage) and WL roosters were kept under the same conditions. All experimental animals and treatment in this study were reviewed and approved by the Animal Ethic Committee of CVRL and the ministry of environment and water of the United Arab Emirates.
Production of Chimeric Ducks by Transferring Chicken PGCs
The circulating PGCs were collected and purified from WL chicken embryos as previously described [11] . In group 1, approximately 200 purified chicken PGCs in 2 ll Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) were injected into the dorsal aorta of 108 recipient duck embryos at stage 15-16 [12] . In group 2, approximately 400 purified chicken PGCs in 2 ll of DMEM/10% FBS were injected into 141 duck embryos at the same stage. Seven duck embryos at the same developmental stage were injected with 2 ll of DMEM/10% FBS and constituted an appropriate control group. The injected eggs were sealed with a double layer of Parafilm M sealing film (American National Can Company) and incubated with the blunt end facing up for 28 days.
Twenty-four injected eggs in group 1 and 19 eggs in group 2 (Table 1) were prepared for immunohistochemical staining (see below) at 7 days postincubation (dpi). The remaining eggs were incubated to the point of hatching.
Gonadal tissues were collected from 34 embryos in group 1 and from 33 embryos in group 2 that died during the last week before hatching (Table 2) , and the presence of chicken cells was also tested by PCR.
Immunohistochemical Staining of Transferred Chicken PGCs in Early Chimeric Duck Gonad
The injected duck embryos (7 dpi) were fixed in 4% paraformaldehyde and processed into paraffin blocks using standard histological procedures. The primitive gonad region was sectioned transversely at 5-lm thickness. The gonadal tissues of the recipient duck embryos (7 dpi) were also harvested individually and dispersed into single cells with trypsin-EDTA, and seeded into 96-well plates for staining (Table 1) . Immunohistochemical staining was carried out with anti-stage specific embryonic antigen-1 (SSEA-1) and antiepithelial membrane antigen-1 (EMA-1) as previously described [13] . The population of chicken PGCs in the gonadal cells of each duck embryo was quantified.
Detection of Transferred Chicken PGCs by ISH
ISH was performed using two digoxigenin (DIG)-labeled chicken DNA probes: a chicken-specific DNA probe (CD11; CVRL) and a W chromosomespecific DNA probe (CVRL) [14] . The testis and ovarian tissues were dissected from a 3-wk-old male and a female chimeric duck from group 2, fixed and processed into paraffin blocks, and sectioned at 5-lm thickness. ISH detection was carried out as previously described [13] . Briefly, the sections were dewaxed, rehydrated, and digested with proteinase K to obtain permeability. The sections were denatured in 70% formamide/23 saline-sodium citrate (SSC) buffer at 808C for 10 min. Twenty microliters of hybridization mixture was added and hybridized overnight at 458C. Following hybridization, slides were washed with serial gradient SSC solution with added 0.1% CHAPS. The binding probes were detected by anti-DIG-AP Fab fragment, with BCIP/NBT as a substrate.
Molecular Analysis
Preparation of samples. 1) The gonadal tissues of dead chimeric duck embryos were collected ( Table 2) . 2) Semen was collected weekly from 23 male chimeric ducks (Table 3) . Fresh semen was diluted 20 times in PBS, and 50 ll of diluted semen was kept. Whole genomic DNA was extracted from the gonadal tissues and semen samples as described [8] . Sensitivity of PCR species identification methodology was tested with different numbers of chicken sperm with 5 million duck sperm. Analyses were repeated in triplicate.
Species identification. To detect the presence of chicken-derived germ cells in chimeric duck gonads, two pairs of species-specific primers were used (CHN1F/CHN1R and DK2F/DK2R; Table 4), which are able to amplify a species-specific DNA fragment from the chicken and duck genome. PCR amplification with the species-specific primers was performed according to the following conditions: initial denaturation at 958C for 5 min, followed by 40 cycles of 948C for 45 sec, 588C for 30 sec, and 728C for 45 sec. The final extension was carried out at 728C for 5 min.
Detection of W chromosome bearing chicken sperm. The W chromosome-bearing chicken sperm was detected by PCR with primers USP1 and USP3 [15] . PCR was performed as follows: initial denaturation at 958C for 5 min, followed by 30 cycles of denaturation at 958C for 30 sec, annealing at 508C for 30 sec, extension at 728C for 1 min, and a final extension at 728C for 10 min.
Progeny Test of Chimeric Ducks
Semen samples were collected from 23 male chimeric ducks (13 birds from group 1 and 10 from group 2) and artificially inseminated twice weekly into BR chickens (0.1 ml per bird). A total number of 26 female duck chimeras (9 birds from group 1 and 17 from group 2) were inseminated twice weekly with WL chicken semen (0.15 ml per bird). All eggs obtained from these chimeric ducks and BR chickens were incubated to the point of hatching at 37.88C with a relative humidity of 60%. Species identity of hatched chicks or embryos was indicated by phenotypic characteristics and confirmed by molecular analysis (PCR). Offspring of the chimeric ducks were raised to sexual maturity under standard conditions. The fertility of these birds was tested by artificial insemination with BR chickens.
Statistical Analysis
The difference between means was assessed using the Student t-test. The difference between percentages was assessed using the chi-square test. Statistical significance was assumed at P , 0.05.
RESULTS
Production of Chimeric Ducks
After 28 days incubation, 29.8% (25/84) and 45.9% (56/ 122) of injected duck embryos survived to hatch for groups 1 and 2, respectively. All of the hatched putative germline chimeras showed a normal duck phenotype. Among these, 22 (13 males, 9 females) ducks in group 1 and 43 (26 males, 17 females) ducks in group 2 were raised to sexual maturity. The female birds started laying eggs after 6 mo, and semen was collected from males after 7 mo.
Migration and Colonization of Chicken PGCs in the 7-DayOld Duck Embryos
Expression of SSEA-1 and EMA-1 epitopes was not detected in duck gonadal cells harvested at 7 days of incubation. These two antigens were expressed on the surface of control chicken PGCs obtained from a 5-day-old chicken embryo ( Fig. 1, a and b ). The differences in these two germ cell surface antigens were used to distinguish exogenous chicken PGCs from duck gonadal cells at this developmental stage (Fig.  1, c and d ). In group 2, a total of 400 PGCs were injected, and 116.8 (647.1, n ¼ 15) chicken PGCs were found in the gonad, which is significantly higher than the number in group 1 (63.0 The chimeric rate was also higher in group 2 than in group 1 ( Table 1) .
Contribution of Chicken PGC-Derived Germ Cells in the Gonad of Chimeric Ducks
Chicken PGC-derived cells were detected by the presence of chicken DNA in the duck gonad of the embryo during the last week of incubation before hatch. Among the embryos nearly hatched, 52.9% (18/34) gonadal tissues in group 1 and 90.9% (30/33) in group 2 showed positive chicken bands during molecular analysis using PCR. In both groups, the female recipient birds showed a tendency to have a higher chimeric rate compared to males in the same group (57.1% vs. 46.2%; 94.4% vs. 86.7%); however, this difference was not statistically significant ( Table 2) .
The chicken PGC-derived germ cells were detected in the chimeric duck testis by ISH with chicken-specific and W chromosome probes. Chicken-derived germ cells were located on the basement membrane in between the endogenous duck spermatogonia and the Sertoli cells in the duck seminiferous epithelium, but none were found in the interstitial tissue (Fig.  2a) . Most chicken PGC-derived germ cells coexisted with the endogenous duck spermatogonia within the same seminiferous tubule, despite the fact that small numbers of seminiferous tubules were completely dominated by chicken spermatogonia (Fig. 2b) . The average number of chicken spermatogonia in a sagittal section in group 2 was 184 6 23.2 (n ¼ 5). A few female chicken-derived germ cells were also found within the seminiferous cords (Fig. 2c) . In addition, a few chicken PGCderived cells were found in the kidney tissue close to the testis (Fig. 2d) . At evaluation at the age of 3 wk of development, the preliminary structure of the testis was completely established in the chimeric duck with Sertoli cells and germ cells in seminiferous cords (Fig. 2e) .
In the ovary of the female chimera, clusters of chickenderived oogonia were found in the cortex of the ovary of a 3-wk-old chimeric duck (Fig. 3a) . A few primordial and primary follicles assembled with chicken-derived oocytes and duck follicle cells were also detected by ISH with CD11 or chicken W chromosome-specific DNA probe in the ovarian sections of the 3-wk-old chimeric duck (Fig. 3, b-e) . Most of the chimeric follicles with the chicken PGC-derived oocyte were found to be smaller in size compared to the endogenous duck follicles (26.9 6 12.0 lm in diameter, n ¼ 8, vs. 43.1 6 13.6 lm, n ¼ 23).
Detection of Chicken Sperm from Semen of Chimeric Ducks
A PCR method was established with species-specific primers to detect chicken DNA from chimeric duck semen. This method was capable of detecting as few as 10 chicken sperm following mixing with 5 million duck sperm (Fig. 4f) . A total number of 134 samples were collected from 13 male chimeric ducks in group 1, and 119 samples from 10 male chimeric ducks in group 2. Of the semen taken from group 2, 20.2% contained chicken-specific DNA, which was significantly higher (P , 0.01) than the proportion of chickenspecific DNA-positive samples detected in the birds in group 1 (5.2%, 7/134). The proportion of positive semen among individual birds varied from 6.3% to 37.5% (Table 3 and Fig. 4g ). Chicken W chromosome-specific DNA fragment was not amplified in 253 semen samples.
The frequency of chicken-positive semen samples derived from chimeric ducks varied. None of these birds were found to be continuously producing chicken sperm during the period of the test. It was not possible to distinguish the chicken sperm in the chimeric duck semen under microscope.
Generation of Donor-Derived Offspring from Male Chimeric Ducks
After insemination with chimeric duck semen, in group 1, 690 brown-shelled eggs were laid by BR chickens, out of which one bird with a chicken phenotype hatched after 21 days of incubation, and one embryo survived until the seventh day of incubation, giving a fertility of 0.3% (2/690). A total number of 367 brown-shelled chicken eggs were obtained from group 2, out of which 3 chicks hatched, demonstrating a fertility of 0.8% (3/367). All of the four chicks showed a typical chicken phenotype with white plumage and a few black feathers on the back or the tip of the wings (Fig. 4, a and b) .
Furthermore, PCR analysis showed that only chickenspecific DNA was amplified (Fig. 4e) . Molecular sexing results confirmed that three birds were female and one was male (Fig. 4d) . The results indicate that these four chicks are pure chickens generated from chicken-derived sperm. These 4 chicks reached sexual maturity after 4 mo. When crossing these four chickens back with pure BR chickens, the resulting chicks 
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CAG TTG GTT AAG GCC GTA GERMLINE CHIMERIC DUCKS PRODUCED CHICKEN PROGENY showed both BR and WL chicken plumage (Fig. 4c) . This result confirmed that the offspring are from the WL PGCderived sperm and BR hens. The donor PGC-derived chicken offspring possessed normal fertility.
On the contrary, a total number of 2076 eggs were obtained from 26 female chimeric ducks (9 from group 1 and 17 from group 2) after they were inseminated with WL chicken semen. However, no fertile eggs were obtained.
DISCUSSION
Gametogenesis is a long and complicated process, which involves endocrine, paracrine, and gonadal morphogenesis and germ cell and somatic cell interaction in the testis or ovary. When transferring germ cells between distant unrelated animal species, only limited colonization and proliferation has been observed in most cases [16] and complete spermatogenesis of donor PGCs in recipient testis has rarely been reported [17, 18] . It is assumed that the incompatibility of exogenous germ cells with the Sertoli cells of the recipient and the differences in microenvironmental interaction between species has limited the development of exogenous germ cells in closely related species. The present study provides further proof that donor PGC-derived offspring from avian male germline chimeras across a different phylogenetic order is possible. It indicates that the technology can be used between domestic avian species and a wide variety of wild birds.
Introduced exogenous PGCs leave the circulatory system and migrate into the developing gonad of the recipient duck through various active and passive mechanisms [9] . It has previously been reported that quail (Coturnix japonica) PGCs are able to migrate into chicken [19] , chicken PGCs into turkey (Meleagris gallopavo) gonad [20] , and pheasant (Phasianus colchicus) PGCs into chicken gonads [7] . The present study shows that increasing the donor cell population results in an increased number of cells migrating and colonizing into recipient gonads. However, the number of chicken PGCs in the duck embryonic gonad is much lower (30%) than the number initially transferred. Some transferred chicken PGCs might have migrated to extragonadal regions, such as kidney and brain. Nevertheless, our findings demonstrate the feasibility of introducing PGCs of endangered birds into distantly related domestic poultry embryos via a rudimentary and developing circulatory system.
After settling down in the germinal ridge, a series of crucial developmental events occurs. PGCs start mitotic proliferation along with sexual differentiation and testicular and ovarian morphogenesis. In the testis of hatched chimeric ducks, chicken germ cells were incorporated into the seminiferous cords. The male embryos (86.7%) that did not hatch at the end of incubation were germline chimeras as confirmed by PCR. Chicken-derived spermatogonia were located in the seminiferous epithelium along with endogenous duck spermatogonia and Sertoli cells. No chicken cell was found in the interstitial area. This result demonstrates that chicken PGCs have been incorporated into the spermatogonia niche during the recipient testicular morphogenesis. Therefore, these results suggest that no interspecies barrier exists to chicken germ cell and duck somatic cell interaction during this process.
A chicken-specific DNA fragment was amplified in 20% of chimeric duck semen samples, which demonstrates the existence of chicken PGC-derived sperm. The further gener- GERMLINE CHIMERIC DUCKS PRODUCED CHICKEN PROGENY ation of chicken offspring confirmed the fertility of the sperm. However, the frequency of chicken sperm production in the host duck testis varied. None of the germline chimeric ducks showed continuous production of chicken sperm during weekly collection; however, there were an increased number of positive semen samples detected from young chimeras after sexual maturity. It is believed that continuation of sperm production relies on the self-renewal division of spermatogonial stem cells in the niche to maintain their reserve, and species conserved spermatogenic wave [21] . The mechanisms by which chicken spermatogonia coordinate with duck Sertoli cell in the chimeric duck testis, and how they settle in other organs, requires further investigation in the future. Because of morphological similarities, it is difficult to definitively identify chicken sperm in chimeric duck semen by light microscopy alone. Immunohistochemical and molecular markers are needed to analyze the kinetics of the donor sperm production.
In the present study, the transferred chicken PGCs were of mixed sex. Theoretically, ZW-and ZZ-type PGCs have an equal chance of being introduced. However, female chickenderived germ cells were found in the host duck testis in relatively few numbers. W chromosome-bearing sperm were not detected from chimeric semen. It is reported that most female chicken PGCs could not differentiate into spermatozoa because of restricted spermatogenesis [22] , and previous work has demonstrated that homosexual transfer is more efficient in relation to sperm production in pheasant-chicken chimeras than heterosexual transfer [23] . Therefore, it is assumed that female chicken PGCs (ZW) may not be able to complete spermatogenesis and differentiate into W chromosome-bearing sperm in chimeric duck testis. Heterosexual transfer can be avoided by introducing presexed PGCs in the future.
In the present study, chicken PGCs were detected in the ovaries of 94.4% duck embryos, and chicken oogonia were found in the chimeric duck ovarian cortex area. Chicken meiotic germ cells were first detectable in female gonads from Day 15.5. This process seems to be controlled by an endogenous clock in the gonad [24] . During the first 2 wk after hatching, primitive follicles are formed with primary oocyte surrounded by follicular cells. The follicles assembled from chicken oocytes and endogenous duck follicular cells were identified in the present study.
Despite a high chimeric rate at the point of hatching, only a small number of donor PGC-derived follicles were found in the recipient ovary. Initially the number of chicken PGCs was estimated to account for about 5% of the total number of PGCs in the recipient gonad. The size of these chimeric follicles was apparently smaller than that of the endogenous ones, indicating that the growth of either the chimeric primitive follicles or the chicken primary oocyte might be suppressed in the duck ovary. A similar result was reported when transferring chicken PGCs into quail embryos [13] . Although immunological rejection and apoptosis of exogenous oogonia or species-based differences in the microenvironment may be potential causes, the precise reasons for the low efficiency of the donor follicle formation in the recipient ovary require investigation in the future.
Although chicken DNA was detected in the ovaries of adult chimeric ducks (data not shown), no chicken offspring were obtained from female chimeric ducks in the present study. It could be that the rate of donor-derived ova is simply low, or that the development of these follicles was suppressed in the primitive follicle reservoir pool or at a later stage. Because of   FIG. 4 . The chicken offspring produced by chimeric male ducks. a) The chimeric duck (Wd25), female chicken (BR131), and their chicken offspring (wdp001). b) Three chicken offspring (wdp003, wdp002, wdp004) from male chimeric ducks. c) The progenies of a chimeric duck-derived chicken (wdp001) after being inseminated with BR rooster semen. d) Molecular sexing test of chicken PGC-derived offspring (wdp002, wdp003, and wdp004). e) Species identification of the offspring with chicken-specific (upper) and duck-specific (lower) primers. f) PCR sensitivity test on detecting chicken sperm from a mixture of chicken and duck semen. g) Detection of chicken sperm from chimeric duck semen with chicken-specific (upper) and duck-specific (lower) primers.
GERMLINE CHIMERIC DUCKS PRODUCED CHICKEN PROGENY the difficulty of tracing these follicles in the duck ovary, the fate of the chicken PGC-derived follicles in the later stages needs to be investigated in the future.
So far, no donor-derived offspring has been reported in avian interspecies female chimera using germ cell transfer technology. In oviparous animals, the development of avian ova is a complicated process, which involves the endocrine network of photoperiodism, hypothalamus-anterior pituitary gland-ovary hormone control, and yolk formation and deposition [25] . It is unknown whether these complicated mechanisms are identical between different avian species.
Comparatively, more encouraging results were reported from interspecies chimeric males [18, 26, 27] , and the present study has further proved the possibility of complete spermatogenesis by transferring PGCs across phylogenetic orders. A higher germline transmission ratio is expected by increasing the population of donor PGCs, by culturing these cells in vitro [28] , and by compromising endogenous PGCs with chemicals or irradiation [29, 30] . In addition, it is reported that SCID mouse supports the spermatogenesis of grafted premature testicular tissue of many other species [31] , indicating that the grafted intact structure of donor testicular tissue could support spermatogenesis in the host. It is known that Sertoli cells are the only somatic cells in the lumen of seminiferous tubules and play an important role in nourishing and supporting germ cell differentiation into sperm. Therefore, introducing exogenous germ cells along with homologous Sertoli cells may facilitate the reconstruction of the donor spermatogonial stem cell niche and improve the efficiency of proliferation and differentiation of exogenous germ cells into functional sperm.
In conclusion, the present study demonstrated that duck testis and ovary are capable of supporting the proliferation and differentiation of exogenous chicken PGCs and assembling chicken germ cells into the functional structure during early testicular morphogenesis and the progression of folliculogenesis. Furthermore, chicken germ cells could coordinate and synchronize in duck germinal epithelium and give rise to functional sperm. The present PGC-mediated germline chimera technology may provide a promising approach for conservation of endangered wild avian species through domesticated poultry.
